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The mechanical p r o p e r t i e s o f m e t a l l i c a l l o y s are dependent upon s t r u c t u r e . Methods o f changing t h e m i c r o s t r u c t u r e a r e w e l l understood t o produce improvements i n many o f these c h a r a c t e r i s t i c s , as y i e l d s t r e s s and elongation. However, t h e r e are p r o p e r t i e s which a r e g e n e r a l l y considered s t r u c t u r e i n s e n s i t i v e . The e l a s t i c moduli are a case i n p o i n t . Mechanical deformation Inay increase t h e e l a s t i c moduli by l o r 2%. Order-disorder transformations may increase t h e moduli by as much as 10 t o 20%. To enhance t h e e l a s t i c moduli beyond t h i s extent has n o t been obtainable through conventional m e t a l l u r g i c a l techniques, u n t i l r e c e n t l y .
Thin m e t a l l i c f i l m s , c o n s i s t i n g o f a one-dimensional composition modulation, have shown increases i n e l a s t i c moduli by several hundred percent ( " t h e supermodulus e f f e c t " ) . Oddly enough, these f o i l S were o r i g i n a l l y produced (1, 2) t o v e r i f y Cahn's ( 3 ) d i f f u s i o n equation. Experimentation on several b i n a r y systems, as Au-i4i and Cu-Pd (G), Cu-Ni ( S ) , and Ag-Pd ( 7 ) . were t h e f i r s t t o manifest increases i n t h e b i a x i a l modulus by f a c t o r s o f 2 t o 4 above those c o i n c i d i n g w i t h t h e i r homogeneous s o l i d solutions, as shown i n Figures 1 and 2. These modulus increases were pronounced f o r composition modulated wavelengths ( t h e thickness o f one A/B l a y e r i n an a l t e r n a t i n g A/B layered s t r u c t u r e ) i n a 1.5 t o 3.nm range, i.e., t h e c r i t i c a l composition wave1 engths.
The o r i g i n o f the "supermodulus e f f e c t " remains somewhat o f a mystery. Various t h e o r e t i c a l approaches have been undertaken t o e x p l a i n the enhanced modulus e f f e c t . One approach which incorporates the screening s i n g u l a r i t i e s i n t h e e l e c t r o n energy of a c r y s t a l due t o a Fermi s u r f a c e -B r i l l o u i n zone i n t e r a c t i o n (4, 8, 9, 10, 11) has
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JOURNAL DE PHYSIQUE been c o r r e l a t e d w i t h c r i t i c a l composition viavelengths ( 5 , 7 ) . The observed uavel e n g t h dependence o f the modulus has been p r e d i c t e d f o r t h e Cu-!di system (12) using p o s i t r o n a n n i h i l a t i o n measurements (13) f o r a concentration wave i n contact w i t h thc Fermi surface. An order o f magnitude s o l u t i o n t o t h e observed modulus enhancement has been performed by i n c o r p o r a t i n g t h e e f f e c t o f screening s i n g u l a r i t i e s on the e l a s t i c constants using an atomic p a i r ~o t e n t i a l f o r m u l a t i o n (14). Clear q u a n t i f i c a t i o n s of the r.iod~~lus e f f e c t u t i l i z i n g t h i s approacli alone r c~~i a i n d e f i c i e n t . However, a f u r t h e r development o f the e l e c t r o n i c s t r u c t u r e associated w i t h lony! range order may prove f r u i t f u l . Coherent P o t e n t i a l Approximation c a l c u l a t i o n s (15) have incorporated t h e Sato-Toth model (1961 , 1962 t o p r e d i c t long p e r i o d wavelengths i n agreement w i t h those experimentally determined (7) . A l t e r n a t i v e l y , appl i c a t i o n o f an A x i a l Next Nearest I s i n g model (18, 19, 20, 21, 22) t o elaborate these w e l l defined ordered sequences o f one-dimensional p a t t e r n repeat (23) may prove useful.
A second approach emphasizes a more mechanical nature o f i n t e r l a y e r coherency s t r a i n e f f e c t s . The i n v e s t i g a t i o n of i n t e r f a c i a l d i s l o c a t i o n s a r i s i n g i n vapor d e p o s i t e d / e p i t a x i a l l y grown f i l m s on substrates emphasizes the presence of accomod a t i n g m i s f i t s t r a i n s . E l e c t r o n microscopy o f Pt-Au (24,25), 26, 27), 29) have shown t h e c r i t i c a l thickness o f t h e overgrowth l a y e r needed f o r t h e onset o f m i s f i t d i s l o c a t i o n s . T h e o r e t i c a l l y , t h e energy o f an i n t e r f a c e has been r e l a t e d t o the c r i t i c a l l a y e r thickness c o i n c i d e n t w i t h l o s s o f coherency based on m i s f i t d i s l o c a t i o n theory (24, 30, 31, 32, 33, 34, 35, 36, 37, 38) .
The n o t i o n o f e l a s t i c constant dependency on f i l m thickness (39) has been incorporated w i t h t h e f a c t o r s of m i s f i t coherency s t r a i n s and c r i t i c a l l a y e r thicknesses i n a pseudopotential energy approxiamtion t o c a l c u l a t e e l a s t i c moduli (40). The model generated i s used t o c a l c u l a t e the increase i n e l a s t i c constants w i t h compressive m i s f i t s t r a i n p r e d i c ti n ? moduli as seen i n Figures 3 and 4 , c o n s i s t e n t b l i t h t h e e x t e n t o f enhancement copper c a l c u l a t e d as a f u n c t i o n o f t h e a p p l i e d e l a s t i c s t r a i n E ( % ) using the applied e l a s t i c s t r a i n E ( % ) using t h e pseudopotential energy c a l c u l a t i o n (40).
pseudopotential energy c a l c u l a t i o n (40).
A

FIG. 5
Calculated i n t e n s i t i e s o f (+) ,(-) s a t e l l i t e s as a f u n c t i o n o f amplitude square o f t h e modulation f o r Cu-Ni.
experimentally observed i n one-dimensional composition modulated s t r u c t u r e s . A q u a n t i t a t i v e as w e l l as q u a l i t a t i v e explanation may w e l l be a t hand.
Specimen Preparation
Most m e t a l l i c f o i l s are produced by vapor deposition o f two o r t h r e e metals under high vacuum. The evapor a n t s a r e i n t e r r u p t e d by r o t a t i n g wheel s h u t t e r s o r p r o p e r l y sequenced mechanical s h u t t e r s above each c r u c i b l e . The thickness o f each l a y e r and r a t e o f deposition are c o n t r o l l e d by separate q u a r t z -c r y s t a l thickness monitors o r conization gauges.
The most common substrate used i n t h e deposition of m e t a l l i c superl a t t i c e s i s mica f o r production o f [l111 texture. NaCl s i n g l e c r y s t a l s f o r [l001 t e x t u r e has been u t i l i z e d together w i t h a number o f other substrates such as sapphire, etc.
I n most cases t h e substrate i s heated a t a s p e c i f i e d temperature f o r each a l l o y system. Sometimes i t i s necessary t o deposit a m e t a l l i c underl a y e r p r i o r t o t h e deposition o f t h e modulated f i l m . These processes a r e mainly used t o produce f i l m w i t h good texture.
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Characterization Methods
The x-ray d i f f r a c t i o n i s r o u t i n e l y used t o determine the wavelength, composia-I t i o n and s t r e n g t h o f modulation. A standard d i f f r a c t o m e t e r can be used t o study the / e v o l u t i o n o f a dimensional modulation I (through isothermal anneal S) and q u a n t i t at i v e i n f o r m a t i o n can be obtained by using a proper d i f f r a c t i o n model f o r t h e a n a l y s i s o f 0 5 -
For a sinusoidal composition f l u c t u a -0 4 -t i o n Guinier (41) developed a d i f f r a c t i o n model which y i e l d s sharp Bragg peaks repres e n t a t i v e o f t h e average l a t t i c e flanked by a p a i r o f s a t e l l i t e s s i t u a t e d a t a distance 1 / X . The i n t e n s i t i e s o f t h e s a t e l l i t e s are given by 2
where I T a r e t h e i n t e n s i t i e s o f t h e low angle and high angle s a t e l l i t e s correspond-FIG. 6 i n g l y , IB t h e i n t e n s i t y o f t h e Bragg peak, Calculated i n t e n s i t i e s o f (+) $1-) 5 = Af/f, where Af = f g -f a and s a t e l l i t e s as a function of ampli-= C A~A + C B~B~ f~ and f~ being the atomic tude square o f the modulation f o r s c a t t e r i n g f a c t o r s o f t h e A and B atoms, CU-Pd. s' = 2 s i n B/Xx r a y and Q ( t ) i s t h e amp1 itude o f t h e composition wave as a f u n c t i o n o f annealing time. The parameter EO i s t h e amplitude o f the l a t t i c e spacing modulation per u n i t composition amplitude and i s given by E = ( l / a ) (da/dc) f o r an incoherent modulat i o n , and €0 = ( Y [1111/2C4 )(l/a)(da/dcy f o r a coherent modulation along t h e I l l 1 1 d i r e c t i o n . D e f i n i n g W = h, t h e above equations can be solved w i t h respect t o Q ( t ) and EO y i e l d i n g
where sg i s t h e r e c i p r o c a l l a t t i c e vector o f t h e Bragg peak and t h e (-) and (+) s u b s c r i p t s designate the q u a n t i t i e s r e f e r r i n g t o t h e low-angle and high-angle sate1 l i t e , r e s p e c t i v e l y .
Furthermore, according t o t h e l i n e a r d i f f u s i o n theory l n r I + ( t ) / I + ( O ) l = 2R(h)t,
--and thus a p l o t o f l n [ I ( t ) / I ( O ) ] versus isothermal annealing time should be l i n e a r and t h e i n t e r d i f f u s i o n c o e f f i c i e n t DB can be computed from t h e slope 2R(h).
A corrc!ction was made f o r t h e i n t e n s i t i e s using I , = I~/~~.L.P.T.D) where Ic i s t h e corrected i n t e n s i t y , 1 , t h e measured i n t e n s i t y , and f t h e atomic s c a t t e r i n g a t S = 2 s i n 6/Xx , L t h e Lorentz f a c t o r f o a s i n g l e ( l / s i n Z e ) . P the p o l a r i z a - 
). I t should be emphasized t h a t t h i s model i s o n l y v a l i d f o r i x f i n i t i s i m a l f l u ct u a t i o n s and i n cases t h a t t h e d i f f e r e n c e s o f atomic s c a t t e r i n g f a c t o r s and t h e l a t t i c e pardmeters o f the two atoms are r e l a t i v e l y small.
More r-igorous models can be found i n a review paper by YcWhan (43) and Tsakalakos (44). Figs. 5 and 6 demonstrate c l e a r l y t h e extent o f t h e G u i n i e r ' s model.
FIG. 7
S t r u c t u r a l studies by means o f transmission e l e c t r o n microscopy i n modulated f i l m s were performed by a number o f i n v e s t i g a t o r s (45), (46), (47). These disclosed the existence o f two predominant defects: microtwins and double p o s i t i o n twins both having a very small volume f r a c t i o n . The study a l s o revealed a strong t e x t u r e , w i t h g r a i n s o r i e n t e d along the < I l l > d i r e c t i o n . Nakahara e t . a l . (46) 
established.
The Concept o f Coherency i n Modulated Structures
A modulated s t r u c t u r e ABAB ... i n a s t a t e o f coherency i s composed o f a l t e r n a t e l a y e r s o f A and B s t r a i n e d i n such a way t h a t t h e i n t e r a t o m i c spacings i n the planes normal t o t h e d i r e c t i o n o f t h e modulation are t h e same i n A and B. This i s schematically S own i n Fig 
There i s a p o s s i b i l i t y f o r the l a t t i c e t o l o s e coherency as soon as t h e presence o f d i s l o c a t i o n g r i d s a t t h e i n t e r f a c e s between adjacent l a y e r s becomes more favorable e n e r g e t i c a l l y . I n a u n i t volume o f modulated f o i l the energy associated w i t h such g r i d s o f d i s l o c a t i o n s i s Es = 2Th. Thus a t o t a l l o s s o f coherency should be expected when
Henein has c a l c u l a t e d T f o r 50/50 Ag-Pd and predicted t h a t l o s s o f coherency f o r a square-like modulation w i l l occur a t wavelengths around 4.0 nm.
Phi l o f s k y and Hi1 l i a r d (48) performed a very i n t e r e s t i n g experiment t o determine t h e l o s s o f coherency i n t h e Cu-Pd. They measured the v a r i a t i o n o f the i n t e rd i f f u s i v i t y D as a f u n c t i o n o f wavelength which showed a l a r g e decrease between 2.8 nm and 3 . i nm. This decrease i s due t o the e l i m i n a t i o n from t h e d r i v i n g force o f the coherency s t r a i n energy c o n t r i b u t i o n 2 n 2~ 11111. S i m i l a r drop was a l s o observed by Henein (49) i n t h e Ag-Pd system.
The i n f l u e n c e t h a t t h e coherency s t r a i n s may have on the mechanical p r o p e r t i e s o f t h e modulated f o i l s could be e a s i l y understood by t h e presence o f the enormous stresses which have t o be developed t o maintain the coherency. A c t u a l l y h a l f o f the m a t e r i a l i s under l a r g e e l a s t i c stresses which cannot be produced by o t h e r macroscopic o r microscopic phenomena. The b i a x i a l stresses are (12): where Sl l ' and SI 2' are t h e e l a s t i c compliances r e f e r r i n g t o a system of coordinates where t h e x3 i s perpendicular t o the i n t e r f a c e s and i s t h e m i s f i t s t r a i n I n the case o f e p i t a x i a l f o i l s f o r which t h e X a x i s (perpendicular t o t h e f o i l ) i s p a r a l l e l t o the [l111 o r [l001 cubic direc2fons we obtain:
G C44(C11+2C12) 2 Y [l111 = Y[lOO] = C11+C12 -2 - C11+2C11+4C44 5 1
I n general, under homogeneous s t r a i n , each i n i t i a l l a t t i c e s i t e r undergoes transformation i n t o r ' by a homogeneous d i s t o r t i o n m a t r i x A: r ' = 4 r. Since t h e t o t a l c r y s t a l energy involves summation over t h e r e c i p r o c a l l a t t i c e vectors i t i s e s s e n t i a l t o e s t a b l i s h t h e corresponding r e c i p r o c a l l a t t i c e transformation. I f q and q ' a r e r e c i p r o c a l l a t t i c e vectors befo e and a f t e r t h e deformation i t can be
e a s i l y shown t h a t : 9 ' = E J g where = ( f i -r )~. That i s , the r e c i p r o c a l l a t t i c e transformation corresponding t o t h e c r y s t a l l a t t i c e rearrangement described by the m a t r i x A i s i t s transposed inverse. The d i s t o r t i o n m a t r i x corresponding t o t h e b i a x i a l s t a t e o f s t r e s s i s 0
where t h e p r i n c i p a l s t r a i n s are
w i t h e defined as t h e m i s f i t s t r a i n . The b i a x i a l s t a t e o f s t r e s s i n layered s t r u c t u r e s transforms a cubic system i n t o a tetragonal system. Thus, the s i x e l a s t i c constants are considered. The corresponding b i a x i a l modulus f o r a tetragonal system i s
ELASTIC PROPERTIES The e l a s t i c p r o p e r t i e s o f one-dimensional modulated s t r u c t u r e s have been chara c t e r i z e d w i t h several experimental techniques. The e l a s t i c moduli ( b i a x i a l ,
Young's, f l e x u r a l , shear, and t o r s i o n a l ) o f these t h i n f i l m s are known t o be dependent upon t h e i r composition p r o f i l e (amplitude, wavelength, and stoichiometry). I n a d d i t i o n , t h e importance o f a c o n t r o l l e d and w e l l defined t e x t u r e f o r meaningf u l modulus measurements i s c l e a r l y demonstrated as shown i n Figure 5 .
B i a x i a l M o d u l u
The mechanical t e s t t o measure the b i a x i a l modulus i s performed on a bulge t e s t e r (8) . The bulge t e s t e r provides a b i a x i a l s t r e s s load f o r t h i n f o i l s . The d e f l e c t i o n o f a washer mounted f o i l due t o a p p l i e d gas pressure (which t y p i c a l ! y does n o t exceed 0.5 nm w i t h 0.3 m p r e c i s i o n as measured by an interferomenter a t a maximum pressure o f 65 KPa, i . e . 10 p s i ) i s used t o c a l c u l a t e t h e b i a x i a l s t r e s s and s t r a i n v i a e l a s t i c i t y theory. Examples o f such measurements f o r t h e b i n a r y composition modulated f o i l o f Cu-Ni are shown i n Figure 9 . From t h e i n i t i a l slope o f t h e curves t h e b i a x i a l modulus i s determined f o r each composition wavelength. The e l a s t i c n o n -l i n e a r i t y observed increases w i t h increasing amplitude o f t h e modulation. S i m i l a r r e s u l t s were noted f o r composition modulated Ag-Pd f o i l s ( 7 ) . I n order t o q u a l i t a t i v e l y compare t h e measured e l a s t i c moduli f o r d i f f e r e n t wavelengths, t h e values are normalized t o a selected modulation amplitude. A l i n e a r r e l a t i o n s h i p between the b i a x i a l modulus and square o f t h e composition amplitude i s shown experimentally, as seen i n Figure 
Flexural M o d u I D
The f l e x u r a l modulus i s determined from the f l e x u r a l v i b r a t i o n s generated as one end o f a rectangular system i s clamped and i t i s allowed t o v i b r a t e n a t u r a l l y . The v i b r a t i o n s may be generated and detected using e l e c t r o s t a t i c forces and a l a s e r The double peak o f t h e curve, two wavelength ranges o f enhanced modulus. w i l l be elaborated upon l a t e r i n t h i s paper.
Young's Modulus E Several m i c r o t e n s i l e t e s t e r s have been devised t o provide a measure o f Young's modulus (6, 47, 51) .
A Hookean behavior has t y p i c a l l y been observed f o r s t r a i n s l e s s than 0.2% i n t h e Cu-NiFe system (6) . Transverse mechanical resonant frequency measurements o f e l e c t r o s t a t i c a l l y d e f l e c t a b l e c a n t i l e v e r beams ( o f the f i l m s ) have a l s o been used t o calcul a t e the Young's modulus (52). The r e s u l t s f o r Cu-Ni and CuNiFe appear i n Figures 13 and 14, r e s p e c t i v e l y . A double peak o f enhanced modulus i s q u i t e pronounced f o r Cu-NiFe as the a m~l i t u d e o f t h e wave p r o f i l e i; g r e a t e r than t h a t f o r Cu-Ni. The o r i g i n of the apparently anomalous double peak o f modulus enhancement present f o r the Shear Torsional and Young's moduli may be understood by considering t h e r e l a t i o n s h i p s between the e l a s t i c moduli i n terms o f t h e primary e l a s t i c cons t a n t s C i j .
Indeed an a n a l y s i s as such has been performed (50,53) considering cubic symmetry, leading t o the f o l l o w i n g r e s u l t s : B i a x i a l ilodulus Y = 6AC/(A+4C), nesses of three to five Young's modulus E(TPa) vs. the composition waveatomic spacings generate length X(nm), normalized to a 50 at.% composition large elastic strains, far amplitude for the Cu/NiFe foils (6) .
beyond those elastically achievable in conventional deformation processes, (by a biaxial mode of deformation) rather than dislocations in the interfaces. In smaller layer thicknesses interdiffusion during deposition results in a structure which is not atomically well defined and not capable of maintaining these large elastic strains. When the spacial periodicity becomes large enough, dislocation grids emerge at the layer interfaces. Therefore, the concept of interlayer coherency arises as a plausible explanation for the supermodulus effect.. By displacing atoms from their equilibrium positions which they would occupy in a perfect, infinitely modulated structure, thereby 'stiffening' the interatomic potential, one might be able to increase the elastic modulus. Theoretically the force equilibrium and competing effects between layers alternating under tension and compression in modulated structures has been considered (40). A pseudopotential and third-order elastic constant calculation of the biaxial modulus has shown that the tetragonal lattice resulting from a biaxial distortion of a cubic structure leads to modulus enhancement for compressive strains and modulus reduction for tensial strains. The effect is not linear, however. That is, the change due to compression exceeds that due to tension. In a structure composed of an equal number of alternating layers under compression and tension, the overall effect should be influenced by compressive stresses. Correlation of the pseudopotential calculations with the Cu-Ni system (5) have predicted the correct percentage of modulus enhancement for the degree of compressive strain present in the Cu layers. An exact model of the layered structure system incorporating stress equilibrium between layers is yet to be formulated. Cross-sectional transmission electron microscopy on Cu-Ni composition modulated foils suggest that the enhanced modulus is a feature of coherent interfaces. Misfit dislocations were absent for only the wavelength range of foils associated with enhanced modulus (46). In the supermodulus systems only those modulated struc-FIG. 14 tures which have layer thick-SUNMARY The "supermodulus" effect is a most noteworthy characteristic in many composition modulated thin film systems. The effect has been typically observed in noble-transition binary metal systems with one-dimensional long range order (artificially created by finely control led deposition techniques). The several hundred percent increase in the elastic moduli is attributable to a fundamental 
